A new high-lift airfoil design philosophy has been developed and experimentally validated through wind-tunnel tests. A key element of the high-lift design philosophy was to make use of a concave pressure recover y with aft loading. Three codes for airfoil design and analysis (PROFOIL, the Eppler code, and ISES) were used to design the example S1223 high-lift airfoil for a Reynolds number of 2 3 10 5 . In windtunnel tests, the new airfoil yielded a maximum lift coef cient of 2.2. With vortex generators and a 1% chord Gurney ap (used separately), the C l,max increased to 2.3. The airfoil demonstrates the rather dramatic gains in C l,max over those airfoils previously used for high-lift low Reynolds number applications. 
I
NCREASED payloads, shortened takeoff and landing distances, reduced aircraft noise, and lowered stall speeds can all be derived from the bene cial effects of improved high-lift airfoil aerodynamics. It is, therefore, not surprising that the classic problem of high-lift airfoil design has been and remains a topic of considerable interest. 1 4 The purpose of this paper is to present a high-lift airfoil design philosophy for the increasingly important low Reynolds number regime in which small unmanned aerial vehicles (UAVs) operate. Only singleelement airfoils are considered in the current work.
Airfoils for such aircraft typically operate in the Reynolds number range 2 3 10 5 to 5 3 10 5 . For example, U.S. Navy electronic warfare UAVs (e.g., LAURA 5 and FLYRT 6, 7 aircraft) y at ship-like speeds ranging from 25 to 40 kn with payload requirements varying from 10 to 25 lb. The small vehicle size required for ef cient shipboard storage coupled with low ight speeds and demanding payload requirements places great emphasis on high-lift low Reynolds number aerodynamics. A similar-sized aircraft, the hand-launched Pointer UAV operated by the U.S. Army, 8 is used to perform short-range reconnaissance missions. Moreover, small payload-laden UAVs have been envisioned for missions that involve atmospheric sampling, border surveillance, forest re detection/tracking, ship-or aircraftPresented as Paper 94-1866 at the AIAA 12th Applied Aerodynamics Conference, Colorado Springs, CO, June 20 23, 1994; received Nov. 25, 1995; revision received Oct. 15, 1996 ; accepted for publication Oct. 26, 1996 . Copyright q 1996 by M. S. Selig wreck survivor search and weather monitoring. In each case, high-lift airfoil performance can to varying degrees play an important role.
To place the current work in a proper global context, Fig. 1 presents the maximum lift characteristics of a number of representative low-speed airfoils taken from various sources. 1,9 16 Although not all of these airfoils were speci cally designed for high-lift, a predictable and anticipated trend emerges, the lower the Reynolds number, the lower the maximum lift. In particular, in going from a Reynolds number of 1 3 10 6 to 1 3 10 5 , a sharp drop in C l,max is seen in the available data. The lower end of this range is of interest in the design of small UAVs based on current trends. 6 In particular, this paper focuses on high-lift airfoil design for a Reynolds number of 2 3 10 5 . High lift is rarely the only desirable feature of an airfoil. The airfoil lift-to-drag ratio, endurance parameter, thickness, pitching moment, stall characteristics, and sensitivity to roughness are all important factors, among others, that must each be weighed separately when one considers selecting or designing an airfoil. This study focuses on those factors most related to enhanced high-lift low Reynolds numbers airfoil performance.
II. Experiments
This section describes the wind-tunnel experiment used to validate the design philosophy discussed in the next section. Since details of the method can be found in Refs. 17 21, only a summary is given here.
A. Wind-Tunnel and Measurement Techniques
The experiments were performed in the University of Illinois open-return subsonic wind tunnel. The rectangular test-section dimensions are approximately 2.8 3 4 ft in cross section and 8 ft long. To ensure good ow quality in the test section, the tunnel settling chamber contains a 4 in.-thick honeycomb and four antiturbulence screens, resulting in a turbulence level of less than 0.1% over the Reynolds number range tested.
The experimental setup is shown in Fig. 2 . To isolate the ends of the airfoil model from the tunnel side-wall boundary layers and the outer support hardware, the airfoil models were mounted horizontally between two in.-thick, 6 ft-long Plex-3 8 iglast splitter plates (not shown in Fig. 2 for clarity) . Gaps between the model and splitter plates were nominally 0.05 in. All models had a 12-in. chord and 33 -in. span. One side of 5 8 the model was free to pivot (far side of Fig. 2 ). At this location, the angle of attack was measured using an ac potentiometer (rotary transformer). The other side of the model was free to move vertically on a precision ground shaft, but not free to rotate. A servo-feedback-control force balance, however, restrained the motion of the model and measured the lift force. Linear and spherical ball bearings within the lift carriage helped to minimize any frictional effects.
The drag was obtained from the momentum method. To ensure that the wake had relaxed to tunnel static pressure, the wake measurements were performed 14.8 in. (approximately 1.25-chord lengths) downstream of the model trailing edge. Each vertical wake traverse consisted of between 20 80 totalhead pressure measurements (depending on wake thickness) with points nominally spaced 0.08 in. apart. Owing to spanwise wake nonuniformities, 17,18 wake pro le measurements were taken at four spanwise locations spaced 4 in. apart over the center 12 in. of the model span. The resulting four drag coef cients were then averaged to obtain the drag at a given angle of attack.
The lift, drag, and angle-of-attack measurements were corrected to account for the effects of solid blockage, wake blockage, and streamline curvature. 22 The velocity was not only corrected for solid and wake blockage but also for a circulation effect that is unique to setups that make use of splitter plates. For the current tests, the freestream velocity, rather than being measured far upstream, had to be measured between the splitter plates because of a spillage effect (air owing between the splitter plates and the tunnel side-walls). Since the pitot-static probe that was used to measure the freestream was located fairly close to the model, the probe measurements were therefore corrected for airfoil circulation effects so as to obtain the true freestream test section speed. The details of this correction procedure can be found in Ref. 21 .
Overall uncertainty in the lift coef cient is estimated to be 1.5%. The drag measurement error comes from three sources: 1) accuracy of the data acquisition instruments, 2) repeatability of the measurements, and 3) the locations of the particular four wake pro les used to determine the average drag coefcient. Based partly on the error analysis method presented in McGhee et al. 23 and Coleman and Steele, 24 the uncertainty caused by the instruments and measurement repeatability are less than 1 and 1.5%, respectively. Based on a statistical analysis (for a 95% con dence interval) of the spanwise drag results for the E374 airfoil 17 at a = 4 deg, the uncertainties caused by the spanwise variations were estimated to be 3% for Re = 1 3 10 5 and reduce to approximately 1.5% at and above Re = 2 3 10 5 . The current airfoils are expected to have approximately the same uncertainties. A more detailed discussion of this topic is presented in Ref. 18 . For the angle-of-attack sensor, the uncertainty is estimated to be 0.08 deg.
B. Model Accuracy
To determine the accuracy of airfoil pro les, each model was digitized with a Brown & Sharpe coordinate measuring machine. Approximately 80 points were taken around each airfoil, and the spacing between points was approximately pro- portional to the local curvature. Thus, near the leading and trailing edges, the spacing was relatively small, whereas over the midchord it was no greater than 0.7 in. These measured coordinates were compared with the true coordinates using a two-dimensional least-squares approach (rotation and vertical translation), which yielded an average difference of approximately 0.010 in. for all airfoils discussed in this paper. Figure  3 shows a comparison of the FX 63-137 measured model coordinates (dot dash line) and true coordinates (solid line). Also shown are the M06-13-128, S1223, and E387 airfoils for later reference. Each plot depicts the differences between the model airfoil and the true coordinates for the airfoil upper surface (solid line) and lower surface (dot dash line). A displacement above or below the axis means that the model surface lies above or below the true coordinates, respectively. For instance, the FX 63-137 model was thicker than the true coordinates by approximately 0.009 in. over most of the airfoil chord.
C. Validation
Data taken on the E387 model for Re = 2 3 10 5 and 4.6 3 10 5 are shown in Fig. 4 and compared with data taken in the NASA Langley Research Center's Low-Turbulence Pressure Tunnel (LTPT). 23 As seen, good agreement is observed, and this serves to validate the current experiments. Moreover, surface oil-ow visualization taken to determine the laminar separation and oil-accumulation lines showed that the lines agreed with NASA Langley Research Center's LTPT data to within 1 2% of chord.
25 (It should be noted that a previous version of the E387 17,18 was less accurate than the current model, and this led to discrepancies when compared with the LTPT data. It should also be noted that data shown previously, 17 from Delft 26 and Stuttgart, 14 was obtained from only one wake prole measurement and is therefore subject to error, because, as mentioned earlier, the wake pro les should be taken at several spanwise stations and averaged. values. Although the viscous velocity distributions differ from the inviscid ones owing to laminar separation bubble effects, much can be gleaned nonetheless from the inviscid velocity distributions. The experimental data was taken in the UIUC subsonic wind tunnel as described in the previous section. For the lift curves, the solid-triangle and open-circle symbols are for increasing and decreasing angles of attack, respectively. Figure 11 shows the pitching moment characteristics vs the type of upper-surface pressure recovery for several airfoils, including not only the FX 63-137 and M06-13-128, but also others that could be used to equally illustrate the design philosophy. Some of the information used to construct the gure is presented in Table 1 . The FX 63-137 with its relatively high (negative) pitching moment and convex pressure recovery appears toward the upper left corner. In contrast, airfoils with a Stratford-like concave pressure recoveries and low pitching moments, such as the Miley M06-13-128 airfoil, appear on the lower right. Also shown in Fig. 11 are several trend lines that, together with the moment and recovery-type information, can be used to deduce a strategy for high-lift low Reynolds number airfoil design. It should be noted that the gure is used to only illustrate the trends and qualitative ideas discussed. Thus, it is not intended to be wholly accurate with respect to the placement of the airfoils. For instance, two airfoils can have the same pitching moment and similar recovery distributions, and hence, occupy the same point on the plot, yet these two airfoils could exhibit different camber Cl,max, and stall characteristics. In the gure, the airfoils are placed most accurately with respect to the Cl,max and shape of the recovery distribution.
One trend depicted in Fig. 11 is that an airfoil typically becomes more cambered when the pitching moment increases and/or when the recovery becomes less concave and more convex. Another trend is that the trailing-edge stall becomes more abrupt as the pressure recovery becomes less convex and more concave. Stall rate (as denoted in Fig. 11 ) refers to the shape of the lift curve at stall. The FX 63-137 is an example of an airfoil with a slow trailing-edge stall for which the point of turbulent separation slowly progresses forward as the angle of attack increases. As shown in Fig. 7 , the plateau in the lift curve past the point of stall initiation is indicative of the slow movement of the separation point. The M06-13-128 (Fig. 10) is an example of an airfoil that has a moderate trailing-edge stall. The lift curve peaks at Cl,max, then falls off more rapidly than the FX 63-137 airfoil. This characteristic is indicative of a turbulent separation point that moves forward more quickly with increasing angle of attack.
The last trend shown in Fig. 11 is that the maximum lift coef cient increases as the pitching moment increases and as the pressure recovery approaches that of a Stratford distribution. The FX 63-137 is a good example of increasing the C l,max primarily through added pitching moment. In contrast, classic Liebeck-type airfoils 10 (such as the M06-13-128) are good examples of increasing the Cl,max mainly through the use of a Stratford distribution.
Speci cally, the Liebeck high-lift design philosophy 10 involves using a Stratford distribution to recover the most pressure without separation at Cl,max. Since separation is avoided entirely, the prototypical Liebeck airfoil is one with no aft loading, which yields a low pitching moment. The M06-13-128 serves as an example of applying the Liebeck design phi- , the C l,max is approximately 1.5. This value for Cl,max is high, especially in light of the intrinsic low pitching moment.
It is argued by Eppler 4 that to achieve maximum lift on an airfoil with a concave Stratford-like recovery, the low pitchingmoment constraint should be relaxed. In a computational study for Reynolds numbers above 1 3 10 6 , Eppler 4 showed that the lift of an airfoil with a concave recovery can be increased through the use of aft loading. The airfoils incorporated the favorable effects of both a concave recovery distribution and added pitching moment to achieve high C l,max values. In Fig.  11 , airfoils of this type would appear between the FX 63-137 and M06-13-128, but displaced in the direction of increased lift.
The high-lift design philosophy described by Eppler 4 was employed nearly two decades earlier by Wortmann 1 in the design of the FX 74-CL5-140 airfoil and three more conservative derivative airfoils. Figure 12 shows the Cl,max characteristics of the FX 74-CL5-140 that achieves a C l,max of nearly 2.4 at a Reynolds number of 1 3 10 6 , as contrasted with the FX 63-137 that only achieves a C l,max of 1.7 1.8 for the Reynolds number range 2.5 3 10 5 to 7 3 10
5
. The trend of slightly increasing C l,max with decreasing Reynolds number has been observed elsewhere 9 and is characteristic of some airfoils at low Reynolds numbers.
19 At rst glance, Fig. 1 appears to indicate a general trend that Cl,max for a range of airfoils dramatically decreases with Reynolds number, particularly over the range of interest in this study, namely for Re = 2 3 10 5 . Inspection of the FX 74-CL5-140 reveals, however, that it employs a concave recovery 1 as opposed to the convex recovery of the FX 63-137. Thus, in light of the preceding discussion, the main difference in the maximum lift is not because of a Reynolds number effect as suggested by Fig. 12 . Rather, the difference is because of the shape of the recovery distribution: convex vs concave.
Since the FX 63-137 is not similar in its design to the FX CL/MS-class airfoil, there appears to be an area of design space that has yet to be explored. Airfoils that would t into this design space could be considered relatives of the FX CL/ MS-class airfoils. It is within this region that an airfoil has been designed with its high-lift characteristics achieved through the use of both a concave recovery and aft loading, two features that have not been previously incorporated into a high-lift airfoil speci cally designed for low Reynolds numbers.
IV. Design Methodology
A high-lift airfoil based on the preceding discussion and presented in the following section was designed through the use of several low-speed airfoil design and analysis codes: PROFOIL, 29 31 the Eppler code, 4, 32 and ISES. 33 First, PRO-FOIL was used for rapid interactive design. A new airfoil that appeared to meet the performance objectives was then screened through two more computationally intensive analysis codes, rst the Eppler code and then the ISES code. If at any point the candidate airfoil failed to meet the design goals, the experience gained was used to redesign the airfoil to more closely match the desired high-lift performance objectives. This iterative process continued until a successful airfoil was designed, and subsequently, wind-tunnel tested to validate the design philosophy.
V. Application
The example airfoil presented, the S1223 with coordinates given in Table 2 , was designed to achieve a Cl,max greater than 2 for a Reynolds number of 2 3 10 5 . Figure 13 depicts the inviscid velocity distributions for the S1223 for Cl = 1.95. Through the use of PROFOIL, the upper-surface velocity distribution corresponding to the design Cl,max was determined from a speci ed boundary-layer development. In particular, from the leading edge to near 0.20c, the boundary layer was prescribed to be near laminar separation, an approach that could be considered as a laminar analogy to the turbulent Stratford pressure recovery. 34, 35 At 0.20c, a short bubble ramp was employed. The main pressure recovery was prescribed by specifying the turbulent boundary layer to be increasingly near turbulent separation toward the trailing edge. Finally, aft loading was employed at the trailing edge since, as discussed, the penalty caused by limited trailing-edge separation is expected to be more than offset by the gain in C l,max .
A wind-tunnel model of the S1223 was constructed and tested in the University of Illinois at Urbana Champaign (UIUC) subsonic wind tunnel. Lift characteristics for a Reynolds number of 2 3 10 5 are shown in Fig. 14 . The results indicate a Cl,max of approximately 2.2, which clearly validates the aforementioned design philosophy. As compared with the Cl,max of 1.75 for the FX 63-137, a Cl,max of 2.2 for the S1223 represents a 25% increase. Thus, again, the FX 63-137 should not be viewed as a high-lift airfoil in a class similar to the FX 74-CL5-140, and the trend lines for C l,max vs Re indicated in Figs. 1 and 12 are in the current light misleading. The S1223 exhibits acceptable moderate stall characteristics much like the M06-13-128. This characteristic is important for some UAVs that operate with the airfoil near C l,max to achieve low-speed ight requirements for loiter, cruise, or landing.
In an effort to increase the C l,max of the S1223, it was tested with vortex generators (VGs) located on the upper surface at 0.17c and, separately, with a 0.01c Gurney ap as depicted in Fig. 15 . As shown in Fig. 16 , the VGs produced a Cl,max of 2.3 for increasing angles of attack followed by an abrupt stall and a hysteresis loop between 16 20 deg. Thus, the VGs as tested were not bene cial. The lift performance with the Gurney ap is shown in Fig. 17 . As seen, Cl,max is 2.3 with the Gurney ap, and the stall is much like that of the clean airfoil. Unfortunately, lift measurements were only taken for increasing angles of attack, in which case it is not possible to detect hysteresis or lack thereof.
Drag data were taken on the S1223 and shown in Fig. 18 . When the drag coef cient exceeded approximately 0.05, no further data were taken since the airfoil was partially stalled, in which case the accuracy of the wake rake measurements are suspect. 22 As compared with the FX 63-137, the S1223 has higher drag, which must be expected for such high maximum lift coef cients.
VI. Conclusions
As a result of this work, it is clear that low Reynolds number airfoils can be designed to achieve lift coef cients much higher than previously thought possible. Such high-lift performance can be achieved through the use of a design philosophy that fully exploits the favorable effects of both a concave pressure recovery and aft loading. Application of this philosophy was demonstrated through the successful design of an airfoil that achieved a Cl,max = 2.2 at a Re = 2 3 10 5 . Surprisingly, as the example airfoil illustrates, the pressure recovery for this class of airfoils, though concave and close to a Stratford distribution, can be tailored to produce acceptable stall characteristics for UAV applications.
